potential for release of nonexchangeable K ϩ over a wide range of soils. 
, as well as quantity-intensity factors (McLean, 1976) . are depleted by plant removal or leaching. Some nonexBased on more than forty years of extensive field and changeable K ϩ held in the interlayers of expandable laboratory studies (Bray, 1944 (Bray, , 1945 Woodruff, 1955 ; 2:1-type clay minerals such as illite and vermiculite can Woodruff and McIntosh, 1960; McLean, 1976 ; McLean be released relatively easily to provide a substantial et al., 1979; McLean et al., 1982; Vitosh et al., 1995) portion of the K ϩ removed by crops during the growing K ϩ fertilizer recommendations were developed using season (Barber and Mathews, 1962; Richards et al., 1988; NH 4 OAc soil test values that were adjusted based on Mengel and Uhlenbecker, 1993; Rahmatulla et al., CEC. This approach works well in some soils but is not 1994). This interlayer K ϩ is also the major source conreliable for soils with appreciable amounts of nonextrolling the long-term K ϩ -supplying potential of soils. changeable interlayer K ϩ . McLean et al. (1979 McLean et al. ( , 1982 ) Therefore, a K ϩ soil test should measure a proportional suggested the use of a correction factor (K f ) to account amount of the nonexchangeable K ϩ that can become for the K ϩ fixation potential of soils. This correction available during the growing season, or it must show factor is determined from studies on fixation and recovthe relationship between readily available levels and the ery (exchangeability) of added K ϩ in representative groups of soil. However, McLean and Watson (1985) B.C. Joern, S.M. Brouder, and D. Gao, Dep. of Agronomy, Purdue suggested that this approach is not suited for routine Univ., West Lafayette, IN 47907-1150 . A.E. Cox, CH2M HILL, 2525 soil test purposes because of the extra equipment, bench presented in Cox et al. (1996) . The textural classes represented was developed by Smith and Scott (1966) The NaBPh 4 extraction procedure used was similar to that tion) time can be varied to alter the amount of K ϩ described by Cox et al. (1996) but was simplified to be more released. Wentworth and Rossi (1972) showed that aladaptable for routine work. Samples of 0.5 g soil were weighed into Folin Wu tubes and 3 mL of extracting solution (0.2 M though the extractability of K ϩ by NaBPh 4 in some Cox et al. (1996) modified the original NaBPh 4 proce-
(1:10) with deionized water and K ϩ was determined by flame dure developed by Smith and Scott (1966) (Jackson, 1958) ]. ‡ Determined using the dispersion and sedimentation procedure described by Jackson (1958). § Ca CEC/K CEC hysteresis of whole soil procedure described by Coffman and Fanning (1974). ¶ Nonexchangeable K ؉ extracted using a 7-d incubation in 0.2 M NaBPh 4 ϩ 1.7 M NaCl. # 1-h shaking in 1:10 soil:solution ratio.
After the third defoliation, the soil in the pots was sieved was used to identify soil properties (CEC, exchangeable K ϩ , moist, most of the roots recovered, and a soil sample was illite K ϩ , organic C, pH, clay) that controlled respective retaken for analysis. The oven-dried weight of the soil sample sponse variables. Simple linear regression analysis was also was obtained to determine the mass of soil remaining in the used to determine relationships between extractable K ϩ and pots. The remaining soil was blended with the minus-K ϩ nutrisoil K ϩ balance. For each soil, regressions of cumulative K ϩ ent mixture and placed in the pots for another cropping seremoved by cropping (negative K ϩ balance) vs. extractable quence of three defoliation and regrowth cycles. Roots were K ϩ levels at the end of each cropping sequence and K ϩ added not recovered during the remainder of the experiment because in the incubation study (positive K ϩ balance) vs. extractable root contribution was Ͻ10% of cumulative K ϩ uptake in the K ϩ were evaluated. The slopes of these relationships were first cropping sequence. The cropping and soil sampling secompared using t tests (Steele and Torrie, 1980) . quence was repeated three times (nine crops total) for soils that became K ϩ -deficient relatively quickly and up to six times for other soils. The Pewamo soil did not become K ϩ -deficient
RESULTS AND DISCUSSION
after twenty crops; therefore, the study was terminated. NutriCritical Foliage Potassium Concentration ent addition and plant population were reduced for each additional cropping sequence throughout the experiment to miniThe critical level for K ϩ in the wheat foliage was mize variation in plant density (based on soil mass) and soil estimated as 19 g K ϩ kg Ϫ1 (DM basis) (Fig. 1 ). This fertility with respect to other nutrients.
estimate of critical K ϩ concentration for wheat is based
All foliage plus the roots collected after the first cropping on the assumptions that no other element is limiting sequence were dried and weighed to determine DM yield. (Munson and Nelson, 1990) and that the highest growth supplying potential of soils and to compare the abilities
The data from this study were plotted as relative DM yields of the extraction methods to estimate this potential.
vs. foliage K ϩ concentration. The plot was evaluated using a linear-plateau model to determine the critical foliage K ϩ concentration required to obtain 90% maximum yield (Leigh, 1989) . ) on 100-g samples of each soil. The K ϩ -amended soils were thoroughly mixed then put into perforated polyethylene containers (5 cm deep ϫ 9 cm diam.). Soil matric potential was adjusted to Ϫ0.033 MPa by adding deionized water, then the containers were placed in an incubator at 25ЊC for 6 mo. The moisture lost by evaporation was replaced twice weekly.
Extractability of Added Potassium
After incubation, the K ϩ -amended soils were air-dried and sieved through a 2-mm screen. Extractable K ϩ was determined in triplicate 0.5-g samples using the 1 M NH 4 OAc and NaBPh 4 (5 min) methods.
Statistical Analysis
All statistical analyses were conducted using SAS (1990 (Jackson, 1958) . The Chalmers and K ϩ uptake is mainly from nonexchangeable sources Milford soils were not used to generate this model because the first wheat crop in these soils was K ϩ -deficient (Breland et al., 1950; Tabatabai and Hanway, 1969 ; Bad- Table 2 ). The data indicate that the soils can be placed (Fig. 3a) . We attribute the underestimation of DM yields into broad groups based on textural classes; sand (116 in these soils mainly to a supply of nonexchangeable mg K ϩ kg Ϫ1 ) silt loams (range is 145-207 and mean ϭ K ϩ that is not estimated by the NH 4 OAc approach. 173 mg K ϩ kg Ϫ1 ), and clay loams (range is 294-420 and Cumulative DM yield was well related to NaBPh 4 -mean ϭ 357 mg K ϩ kg Ϫ1 ). Soil properties (CEC, texture, extractable K ϩ in all soils except the Pewamo (Fig. 3b) . vermiculite, illite K ϩ , and organic C) were used in stepWe attribute the overestimation of DM yield in the wise multiple regression analyses to evaluate their efPewamo soil to luxury K ϩ uptake (Ͼ50 g kg
Ϫ1
) in some fects on critical levels of NaBPh 4 -extractable K ϩ . This crop cycles that likely decreased the quantity of soil K ϩ analysis showed that critical levels could be well preavailable for DM accumulation in subsequent crops. dicted using the model Leigh and Wyn Jones (1984) showed that the relationCritical NaBPh 4 ) and CEC is deterTherefore, total K ϩ accumulation or uptake is likely a mined by Ca 2ϩ saturation followed by Mg 2ϩ displacemore reliable index of soil K ϩ -supplying potential than ment (cmol c kg Ϫ1 ) (Jackson, 1958 (Table 3 ). The contribution of nonexchangeable K ϩ to total plantavailable K ϩ was most significant in the Bloomfield sand and the Hoytville and Pewamo clay loams. The large contribution of nonexchangeable K ϩ in sandy soils has been attributed to K ϩ release from silt-size minerals (Abed and Drew, 1966; Rehm et al., 1984; Niebes et al., 1993; Rahmatullah et al., 1994) . In a related study, we found relatively high release rates of NaBPh 4 -extractable K ϩ in the fine silt fraction of the Bloomfield sand (Cox and Joern, 1997) . The large contribution of nonexchangeable K ϩ in the Hoytville and Pewamo soils coincide with their relatively high illitic K ϩ content (Table 1) and nonexchangeable K ϩ release rates (Cox and Joern, 1997) ; and, therefore, this may be due partly to release of illitic K ϩ . Among the other soils there was no relationship between nonexchangeable K ϩ release and illitic K ϩ . Portela (1993) showed that the amount of nonexchangeable K ϩ released before ryegrass became K ϩ -deficient was well correlated to illite content of the clay fraction in some Portuguese soils. McLean (1976) indicated that the Hoytville soil is known to release large amounts of nonexchangeable K ϩ and longterm cropping would be required to show crop response to added K ϩ .
Relationship between Extractable and Plant-Available Potassium Ammonium Acetate-Extractable Potassium
Ammonium acetate-extractable K ϩ was related to plant-available K ϩ in all soils except the Hoytville and Pewamo soils (Fig. 4a) . The slope of 1.19 indicates that plant-available K ϩ is ≈20% greater than NH 4 OAc- amo soils and the 20% underestimation in the other soils are both attributed to the contribution of nonexNaBPh 4 -extractable K ϩ is best related to plant-available K ϩ (Fig. 4b) . Although only 80% of the 5-min NaBPh 4 -changeable K ϩ to total plant-available K ϩ . extractable K ϩ is plant-available (Fig. 4c) , we adopted this extraction period for most of this study because it Sodium Tetraphenylboron-Extractable Potassium was more convenient than shorter periods. In automated Sodium tetraphenylboron-extractable K ϩ was related operations such as commercial laboratories, extraction to plant-available K ϩ in all soils, but as extraction time periods shorter than 5 min might have better predictive increased, the slope and correlation coefficient of the ability and be more suited for routine use. Longer exrelationship decreased (Fig. 4b and 4d ). This trend exists traction periods might be disadvantageous because of because, as extraction time increases, NaBPh 4 can reexcessive extraction of unavailable K ϩ , and, therefore, lease nonexchangeable K ϩ that is less available to poor predictive ability. plants. Because the NaBPh 4 method extracts both exchangeable and nonexchangeable K ϩ , it gave better esti-
Extractable Potassium in Relation
mates of the plant-available K ϩ than the NH 4 OAc to Potassium Balance method, especially in the Hoytville and Pewamo soils. Pratt (1951) showed that exchangeable K ϩ was the sinSoil K ϩ balance is the adjustment in soil K ϩ status that results from crop removal or fertilizer addition. For gle most important parameter controlling plant K ϩ availability in Midwestern soils, but he also showed that most of the soils, t test comparisons (data not shown) showed that slopes of negative K ϩ balance vs. . Therefore, for each soil, the data for both negative and positive K ϩ balance were further Predictive ability and adaptability to routine work are important considerations in selecting a procedure and evaluated as a single plot between extractable K ϩ and soil K ϩ balance (Fig. 5) . an extraction time for routine soil testing. The 1-min Ammonium Acetate-Extractable Potassium 0.68) among soils (Table 4 ). These differences in slope are due mainly to the K ϩ fixation capacity of the soils. The largest decrease in NH 4 OAc-extractable K ϩ (64-As fixation capacity increases, the slope decreases and 82% of initial level) occurred by the end of either the the K ϩ addition or removal required to produce a unit first or second cropping sequence ( Fig. 5a and 5b) for change in NH 4 OAc-extractable K ϩ increases. The slopes all soils except the Hoytville and Pewamo (34 and 57%, respectively; data for the Pewamo soil not shown in be determined by either method alone, but soils can be broadly grouped based on textural classes. For both of these two soils were much greater than the other soils used in this study (Cox et al., 1996) the NH 4 OAc method will require soil-specific informa-(mg kg Ϫ1 ), illite K ϩ ϭ nonexchangeable K ϩ released by tion on K ϩ fixation behavior to manage soil K ϩ at below 7-d incubation in NaBPh 4 (g kg Ϫ1 ), and clay (g kg Ϫ1 ) is or just above critical levels. determined according to Jackson (1958) . The applicaIn our study the NaBPh 4 method gave more reliable tion of Eq. [3] to the Crider (2) and Pewamo soils (Table  estimates of plant-available K ϩ and soil K ϩ balance than 4) showed that the slope for the Pewamo soil (0.32) was the NH 4 OAc method because it extracts both exchangewell predicted, but the slope for the Crider (2) soil (0.51) able and nonexchangeable K ϩ . The interaction between was underestimated. soil properties and environmental conditions, such as wet-dry and freeze-thaw cycles that influence K ϩ fixaSodium Tetraphenylboron-Extractable Potassium tion and release, affects the reliability of the NH 4 OAc soil test method. The NaBPh 4 method, however, may Slopes of regressions relating NaBPh 4 -extractable K ϩ provide reliable estimates of K ϩ supply for a wide range to K ϩ balance were similar and near unity ( Fig. 4c and of soil types and environmental conditions because it is 6d; Table 4 ). The greatest deviation from unit slope was less sensitive to K ϩ fixation. These studies show that in the Bloomfield soil (0.88). The t test comparisons the NaBPh 4 method should provide a more reliable K ϩ showed that the slope for each soil was not significantly soil test compared with the NH 4 OAc method. Currently, different (P Ͼ 0.05) from the slope for most other soils studies are being conducted to further evaluate the forin the study (30 out of 45 comparisons) (data not shown).
mer method under field conditions and to determine its These results show that the NaBPh 4 method can meautility as a multi-element extractant. sure unit changes in soil K ϩ status resulting from crop removal or K ϩ fertilization, irrespective of soil type. REFERENCES Qué mener (1974) relative ability of the conventional 1 M NH 4 OAc and
